Structural brain studies of adult post-traumatic stress disorder (PTSD) show reduced gray matter volume (GMV) in fear regulatory areas including the ventromedial prefrontal cortex (vmPFC) and hippocampus. Surprisingly, neither finding has been reported in pediatric PTSD. One possibility is that they represent age-dependent effects that are not fully apparent until adulthood. In addition, lowerresolution MRI and image processing in prior studies may have limited detection of such differences. Here we examine fear circuitry GMV, including age-related differences, using higher-resolution MRI in pediatric PTSD vs healthy youth. In a cross-sectional design, 3 T anatomical brain MRI was acquired in 27 medication-free youth with PTSD and 27 healthy non-traumatized youth of comparable age, sex, and IQ. Voxel-based morphometry was used to compare GMV in a priori regions including the medial prefrontal cortex and amygdala/hippocampus. Compared with healthy youth, PTSD youth had reduced GMV but no age-related differences in anterior vmPFC (BA 10/11, Z ¼ 4.5), which inversely correlated with PTSD duration. In contrast, although there was no overall group difference in hippocampal volume, a group Â age interaction (Z ¼ 3.6) was present in the right anterior hippocampus. Here, age positively predicted hippocampal volume in healthy youth but negatively predicted volume in PTSD youth. Within the PTSD group, re-experiencing symptoms inversely correlated with subgenual anterior cingulate cortex (sgACC, Z ¼ 3.7) and right anterior hippocampus (Z ¼ 3.5) GMV. Pediatric PTSD is associated with abnormal structure of the vmPFC and age-related differences in the hippocampus, regions important in the extinction and contextual gating of fear. Reduced anterior vmPFC volume may confer impaired recovery from illness, consistent with its role in the allocation of attentional resources. In contrast, individual differences in sgACC volume were associated with re-experiencing symptoms, consistent with the role of the sgACC in fear extinction. The negative relationship between age and hippocampal volume in youth with PTSD may suggest an ongoing neurotoxic process over development, which further contributes to illness expression. Future studies employing a longitudinal design would be merited to further explore these possibilities.
INTRODUCTION
Pediatric post-traumatic stress disorder (PTSD) is a debilitating and common illness, affecting five percent of youth by the age of 18 (Merikangas et al, 2010) . Pediatric PTSD has high comorbidity with other psychiatric illnesses including anxiety disorders, depression, and ADHD (Famularo et al, 1996) . Furthermore, adults with PTSD related to childhood trauma have a higher incidence of depression, suicide attempts, and substance abuse (Warshaw et al, 1993) . These findings highlight the need to better understand the underlying pathophysiology of pediatric PTSD, with the aim of mitigating its effects.
PTSD has been characterized clinically and behaviorally by impaired fear extinction (Pitman et al, 2012) . Furthermore, neuroimaging studies of adult PTSD suggest structural abnormalities in fear regulatory areas, namely, smaller gray matter volume (GMV) of the ventromedial prefrontal cortex (vmPFC) including anterior cingulate cortex (ACC), and hippocampus (Pitman et al, 2012) . The vmPFC is notable for its role in the extinction of fear responses via inhibition of the amygdala (Milad and Quirk, 2012) , whereas the hippocampus can contextually limit fear responses via connections to both the amygdala and vmPFC (Maren et al, 2013) . Of note, the amygdala, which frequently shows hyperactivation in adult PTSD (Pitman et al, 2012) , has not shown any clear structural abnormalities in meta-analyses (Kühn and Gallinat, 2013; Woon and Hedges, 2009 ). However, a recent study examining a large cohort did find evidence of smaller amygdala volume in adult PTSD (Morey et al, 2012) .
Meta-analyses in adults suggest that both trauma exposure and PTSD are associated with reduced hippocampal volume, with this effect greater in PTSD (Karl et al, 2006; Kühn and Gallinat, 2013; Woon et al, 2010) . There remains debate as to whether smaller hippocampal volume represents a premorbid or acquired trait in PTSD. A twin study of adult PTSD suggests the former (Gilbertson et al, 2002) , while leaving open the possibility of common developmental effects in the PTSD twin pairs. In contrast, reduced vmPFC volume appears to be an acquired trait that contributes to the emergence of PTSD in vulnerable adults (Kasai et al, 2008; Sekiguchi et al, 2013) . In further evidence of their role in adult PTSD, both vmPFC (Herringa et al, 2012; Sekiguchi et al, 2013) and hippocampal volume (Apfel et al, 2011; Gilbertson et al, 2002; Karl et al, 2006) inversely correlate with PTSD severity. Successful treatment may reverse hippocampal volume deficits (Levy-Gigi et al, 2013; Vermetten et al, 2003) , but does not appear to affect vmPFC volume (Dickie et al, 2013; Levy-Gigi et al, 2013) . However, pretreatment vmPFC volume is associated with symptom reduction over time (Bryant et al, 2008; Dickie et al, 2013) .
Surprisingly, structural brain studies of pediatric PTSD have so far not found any reduction in hippocampal or vmPFC GMV compared with healthy youth. In contrast to adult PTSD, a meta-analysis did not find hippocampal volume differences in pediatric PTSD, but did find reduced volume in child abuse-related adult PTSD, suggesting a delayed developmental effect (Woon and Hedges, 2008) . In partial support of this, a pilot study of 15 youth with post-traumatic stress symptoms (PTSS) found an inverse correlation between baseline PTSS and cortisol and hippocampal volume change over 12-18 months (Carrion et al, 2007) . However, the absence of a control group limits interpretation of these findings. Prefrontal GMV findings in pediatric PTSD have been mixed. Findings include no difference in total prefrontal GMV in pediatric PTSD (De Bellis et al, 1999 De Bellis and Keshavan, 2003) , and greater vmPFC GMV in youth with PTSS (Carrion et al, 2009; Richert et al, 2006) . In addition, prior studies have not found any relationship between total prefrontal GMV (De Bellis et al, 1999 Bellis et al, , 2002 De Bellis and Keshavan, 2003; Carrion et al, 2001) or PFC subdivisions (Richert et al, 2006) and pediatric PTSD severity. Finally, a meta-analysis did not find any differences in amygdala volume in pediatric PTSD (Woon and Hedges, 2008) .
Delayed developmental effects offer one explanation for the discrepancy in structural brain findings between pediatric and adult PTSD. In addition, lower-resolution MRI and processing techniques in prior structural brain studies of pediatric PTSD, although standard at the time, may have limited the ability to detect localized differences in GMV. These findings highlight the need for a new assessment of structural brain differences in pediatric PTSD using current methodologies, while also taking into account potential age-related effects.
To this end, we report the results of structural brain MRI analysis in pediatric PTSD compared with non-traumatized healthy youth using a cross-sectional design. We used higher-resolution (3 T) MRI and high-dimensional normalization along with voxel-based morphometry (VBM) to examine brain-wide differences in GMV. We also examined age-related differences in GMV as an indicator of altered gray matter development in pediatric PTSD. We conducted these analyses within a priori regions including the medial prefrontal cortex and amygdala/hippocampus complex, with additional reporting of whole-brain findings. We predicted that youth with PTSD would have reduced vmPFC volume, and that age would negatively predict hippocampal volume. The latter would suggest a process counter to typical hippocampal development, which increases in volume through early adulthood (Uematsu et al, 2012) .
Furthermore, we examined the relationship of regional GMV with PTSD symptom cluster severity, with the aim of mapping the neurobiological substrates of specific symptom clusters. We predicted that re-experiencing symptoms in particular would be inversely related to GMV of the vmPFC and hippocampus, given the link between re-experiencing and impaired fear extinction in adult PTSD (Norrholm et al, 2011) . Finally, it is important to note that the current study does not contain a trauma-exposed healthy comparison group, which may help delineate more general effects of trauma from PTSD symptoms. To address this, we conducted post hoc analyses examining the relationship of GMV abnormalities with both PTSD and trauma exposure measures.
MATERIALS AND METHODS

Participants
Twenty-seven medication-free youth with PTSD and twenty-eight non-traumatized healthy youth between the ages of 8 and 18 years were recruited from local mental health clinics and through local advertisements, respectively. Exclusion criteria for all participants included IQo70, unstable medical condition, MRI contraindication, and possibility of pregnancy in females. Additional exclusion criteria for youth with PTSD included active suicidality, history of psychotic disorder, bipolar disorder, or OCD; recent (past 4 weeks) substance abuse or dependence; and recent use of psychotropic medication (past 4 weeks; 6 weeks for fluoxetine). Participants were not taken off psychotropic medications for the purposes of the study. Healthy control subjects were required to be free of any history of mental illness. All procedures were approved by the University of Wisconsin Health Sciences IRB, and parental consent and youth assent were obtained for all participants.
Clinical Assessment
All participants underwent a trauma and psychiatric screen by a board-certified child psychiatrist (RJH) with the Kiddie Schedule for Affective Disorders and Schizophrenia (KSADS; Kaufman et al, 1997) incorporating both youth and caregiver reports. A PTSD diagnosis was determined using DSM-IV criteria by combination of the KSADS and Clinician-Administered PTSD Scale for Children and Adolescents (CAPS-CA; Nader et al, 1998; Weathers et al, 2001) . A PTSD diagnosis required at least five DSM-IV symptoms, including at least one from each symptom cluster, following Cohen et al (2011) . These criteria are slightly modified from adult criteria and were chosen to allow greater likelihood of study inclusion, yet maintain a relatively high overall symptom severity. Furthermore, youth fulfilling two vs three symptom clusters do not differ in overall clinical impairment or distress (Carrion et al, 2002) . With these modified criteria, most youth (n ¼ 22 or 82%) in the PTSD group met full standard DSM-IV criteria for PTSD. Of the other five PTSD participants, three met criteria for two of three symptom clusters, and two met criteria for one of three symptom clusters. Note that the CAPS-CA was not obtained for the first seven PTSD participants. PTSD severity was additionally examined using the UCLA PTSD Reaction Index (PTSD-RI; Steinberg et al, 2004) . For the PTSD-RI, the greater of youth and caregiver report for each item was used, as this was most strongly correlated with CAPS scores (r ¼ 0.85, 0.74, and 0.60 for greater of youth/caregiver, youth only, and caregiver only, respectively). Depressive symptoms over the past 2 weeks were quantified with the Mood and Feelings Questionnaire (MFQ; Costello and Angold, 1988) . Anxiety symptoms over the past 3 months were quantified with the Screen for Child Anxiety Related Emotional Disorders (SCARED; Birmaher et al, 1997) . MFQ and SCARED scores were calculated using the average of youth and caregiver reports. Pubertal stage was assessed by self-report using the Tanner picture-based rating scale (Morris and Udry, 1980) . IQ was estimated using the Full-Scale IQ-2 component of the Wechsler Abbreviated Scale of Intelligence-II (Wechsler, 2011) . One participant with PTSD was unable to complete IQ testing due to fatigue.
MRI Acquisition
All youth completed two mock scan sessions before MRI to accommodate them to the scanning environment. Anatomical brain MRI was acquired using a 3.0 T GE Discovery MR750 scanner (General Electric, Milwaukee, WI) at the University of Wisconsin Department of Psychiatry. Threedimensional axial high-resolution T1 images were acquired with the following parameters: TE: 3.18 ms, TR: 8.16 ms, TI: 450 ms, slice thickness: 1 mm, 156 slices, flip angle: 121, FOV: 25.6 cm, and image matrix 256 Â 256 that covered the entire brain.
Image Preprocessing and VBM
Preprocessing and VBM were performed using the VBM8 toolbox (http://dbm.neuro.uni-jena.de/vbm/) in Statistical Parametric Mapping, version 8 (SPM8, Wellcome Department of Imaging Neuroscience, London, UK), which was executed in Matlab R2011b (Mathworks, Sherborn, MA). Standard VBM8 toolbox parameters were used for preprocessing. Images were bias corrected, tissue classified, and normalized to MNI space using linear (12-parameter affine) and nonlinear transformations including highdimensional DARTEL within a unified model. Standard values were selected to bias regularization (0.0001) and FWHM cutoff (60 mm). Denoising was performed with optimized Rician non-local means and HMRF weighting of 0.15. Output-normalized GMVs were modulated for nonlinear (Jacobian) components only, resulting in images corrected for total brain volume and smoothed with a 6-mm FWHM Gaussian filter. Final voxel resolution was 1.5 Â 1.5 Â 1.5 mm. Gray matter images were checked for homogeneity using the covariance structure of each image with all other images. One control participant was excluded due to covariance greater than two SD below the mean (movement artifact), leaving 27 control youth in the final analysis.
Statistical Analysis
Processed GMVs were entered into a two-sample t-test within SPM8 comparing PTSD with controls while covarying for age and sex. A group Â age interaction term was included to examine age-related differences between the two groups cross-sectionally. Finally, a multivariate regression was performed within the PTSD group only, testing the association of GMV with PTSD-RI symptom cluster scores (re-experiencing, avoidance, and hyperarousal), covaried for age and sex. A priori search regions included the mPFC and amygdala/hippocampus complex, using regional masks created in AFNI (Cox, 1996) . The mPFC mask included ventromedial PFC, ACC (including subgenual, rostral, and dorsal regions), and dorsomedial PFC. The more dorsal regions of the mPFC were included in our search region, given evidence that GMV abnormalities may extend into these regions in adult PTSD (Meng et al, 2014) . Multiple comparison correction was performed using Monte Carlo simulation (AFNI's 3dClustSim), which incorporates the estimated smoothness of the data to establish the likelihood of false positives of different cluster sizes (that is, cluster size thresholding). At an individual voxel threshold of Pp0.001, the cluster threshold was 139 voxels for the mPFC and 13 voxels for the amygdala/hippocampus, resulting in a corrected ap0.05. Additional results are reported outside of these regions surviving whole-brain correction (cluster threshold 351 voxels). Secondary analyses of extracted cluster data were performed in SPSS v. 21 (IBM, Armonk, NY) to examine their relationship with PTSD symptoms, illness duration, time elapsed since the index trauma, index trauma type, number of trauma types experienced, as well as potentially confounding variables including IQ, pubertal stage, depressive symptoms, general anxiety symptoms, and past medication exposure.
RESULTS
Participants
Participant characteristics are displayed in Table 1 . The groups were similar in terms of sex distribution, age, Tanner stage, IQ, and handedness (p40.05, w 2 or t-test). Within the PTSD group, the most common index trauma was sexual abuse, followed by traumatic death of a loved one, accident, and witnessing violence. PTSD symptoms averaged 47.3 based on the PTSD-RI, which is indicative of severe PTSD. Of the 27 PTSD youth, 24 had comorbid psychiatric illness, most commonly depressive disorders (n ¼ 19).
Voxel-Based Morphometry
VBM results are summarized in Table 2 . The group contrast revealed significantly smaller GMV in the right anterior vmPFC (BA 10/11; Figure 1 ) in PTSD youth. There were no age-related differences in vmPFC GMV between the groups, with age negatively predicting GMV similarly in healthy and PTSD youth (Figure 2 ). In the hippocampus, there were no overall group differences in GMV, but there was a significant group Â age interaction in the right anterior hippocampus. Here, age positively predicted hippocampal GMV in healthy youth, but negatively predicted GMV in PTSD youth (adjusted r ¼ 0.50 and À 0.48, respectively; Figure 1 ). Outside of a priori search regions, PTSD youth had reduced GMV in bilateral fusiform gyrus (Supplementary Figure S1 ; Table 2 ) and left occipital cortex (BA 18/19, Supplementary Figure S2 ; Table 2 ). There was also evidence for a group Â age interaction in the same left occipital cortex area, although this did not survive cluster thresholding (k ¼ 198; Supplementary Figure S2) . No group differences were observed for amygdala GMV, and there were no regions in which PTSD youth had greater GMV than controls.
Within the PTSD group, the multivariate regression of PTSD symptom clusters (covaried for age and sex) revealed an inverse correlation between re-experiencing symptoms and GMV in the right subgenual ACC (sgACC, BA 25) and right anterior hippocampus (adjusted r ¼ À 0.71 and À 0.69, respectively; Figure 3) . No significant associations were observed with avoidance/numbing or hyperarousal symptoms. Consistent with the anterior vmPFC cluster derived from the group contrast, a plot of sgACC volume revealed that age negatively predicted GMV similarly in both groups (Figure 2 ).
Secondary Analyses
Secondary analyses conducted in SPSS are fully described under Supplementary Information and briefly summarized here. Group contrast and PTSD symptom association results did not markedly change when covaried for IQ, Tanner stage, depressive symptoms, general anxiety symptoms, and past months of exposure to ADHD and antidepressant medication. In addition, no sex interactions were found.
Multivariate regression analyses were conducted within the PTSD group to examine the relationship of each cluster with PTSD and trauma exposure measures. Results are summarized in Table 2 . Multiple regions showed relationships with PTSD duration and symptom clusters (but not total PTSD severity), with few associations with trauma exposure measures. These and further analyses are described in Supplementary Information.
DISCUSSION
To our knowledge, this is the first reported study to examine structural and age-related brain differences in pediatric PTSD using higher-resolution (3 T) MRI and highdimensional normalization with VBM. Our results suggest that pediatric PTSD, compared with non-traumatized healthy youth, is characterized by reduced vmPFC volume and age-related differences in the hippocampus, the latter of which may suggest an abnormal developmental process. In contrast to the hippocampus, we did not find any evidence for age-related differences in the vmPFC. We further found that re-experiencing symptoms are inversely associated with sgACC and hippocampus GMV. Consistent with prior structural brain studies of pediatric PTSD, we did not observe any differences in amygdala GMV. In secondary analyses, vmPFC and hippocampus GMV were associated primarily with clinical measures of PTSD (as opposed to trauma exposure), implicating these regions in the pathophysiology of pediatric PTSD. Outside of our a priori search regions, pediatric PTSD was also characterized by reduced volume in visual processing areas (see Supplementary Information for further discussion).
Reduced vmPFC volume has been a replicated finding in adult PTSD (Pitman et al, 2012) but has so far not been observed in pediatric PTSD. Interestingly, the only prior VBM study of pediatric PTSD suggested increased sgACC volume (Carrion et al, 2009) , which was more posterior to our anterior vmPFC cluster but overlapping with our sgACC cluster inversely correlated with re-experiencing symptoms. Interestingly, the prior VBM study also reported increased occipital cortex GMV, which also contrasts with findings in the current study. Aside from methodological differences in MRI acquisition and analysis, PTSD sample characteristics could also account for discrepant findings between these two studies. For example, in the sample of Carrion et al, 50% of youth met standard criteria for PTSD compared with 82% in the current sample. One possibility, then, is that Clusters shown survived cluster thresholding (corrected ap0.05) within a priori search regions of the medial prefrontal cortex or amygdala/hippocampus complex. Additional clusters outside of these regions surviving whole-brain correction are also displayed. Peak coordinates (x, y, and z) are based on the MNI atlas in RAI orientation. All analyses included age and sex as covariates. The association with DSM-IV cluster B symptoms was conducted as part of a multivariate regression, including cluster C and D symptoms of PTSD. Post hoc analysis was performed within the PTSD group on extracted cluster data using multivariate regression to examine relationships with PTSD and trauma exposure measures A group Â age interaction, covaried for sex, revealed that age positively predicted hippocampal GMV in healthy youth, but negatively predicted GMV in youth with PTSD. Scatterplots of extracted cluster data are shown on the right. PTSD, post-traumatic stress disorder; vmPFC, ventromedial prefrontal cortex. n ¼ 27 per group.
Fear circuitry structure in pediatric PTSD TJ Keding and RJ Herringa reduced vmPFC volume in youth is only characteristic of more severe PTSD, although this would require further study with a sample of less-symptomatic youth.
Our findings suggest two areas of the vmPFC that may in part underlie the pathophysiology of pediatric PTSD. The first cluster, identified in the group contrast, was located in Figure 2 Age-dependent changes in vmPFC gray matter volume (GMV) do not differ between pediatric PTSD and healthy youth. Shown here are (a) right anterior vmPFC that exhibited overall reduced GMV in pediatric PTSD from Figure 1 and (b) right sgACC that was inversely correlated with re-experiencing symptoms from Figure 3 . Scatterplots of extracted cluster data in relation to age are shown on the right. sgACC, subgenual anterior cingulate cortex; vmPFC, ventromedial prefrontal cortex. n ¼ 27 per group. Figure 3 Re-experiencing (DSM-IV cluster B) symptoms of PTSD are inversely correlated with (a) right sgACC and (b) right anterior hippocampus gray matter volume. Scatterplots on the right show extracted cluster data in relation to re-experiencing symptom severity determined by the UCLA PTSD Reaction Index. Results include sex, age, and cluster C and D symptoms as covariates. PTSD, post-traumatic stress disorder; sgACC, subgenual anterior cingulate cortex; vmPFC, ventromedial prefrontal cortex. n ¼ 27.
Fear circuitry structure in pediatric PTSD
TJ Keding and RJ Herringa the anterior vmPFC (BA 10/11) in the medial frontopolar region. The frontopolar cortex is believed to have a role in allocating attentional resources to the processing of external vs internal information (Burgess et al, 2007; Henseler et al, 2011) . Consistent with its proposed functional role, our results revealed that anterior vmPFC volume was inversely associated with illness duration. In contrast, anterior vmPFC volume was not related to symptom severity. This suggests that reduced anterior vmPFC volume in pediatric PTSD may contribute more broadly to persistence of illness, rather than PTSD symptoms themselves, by a relative inability to direct attentional resources following a traumatic event. If this is the case, then anterior vmPFC volume may also influence response to psychotherapy-based treatment for pediatric PTSD. Interestingly, there were no agerelated differences in the anterior vmPFC, suggesting that reduced vmPFC volume may represent either a premorbid characteristic of pediatric PTSD or an acquired trait after trauma. Longitudinal imaging studies will ultimately be needed to examine these possibilities, by incorporating imaging before trauma exposure, as well as pre/posttreatment once PTSD has been identified. The other vmPFC cluster associated with PTSD arose from a voxel-wise analysis of PTSD symptom cluster severity. Here, re-experiencing symptoms inversely correlated with GMV in the sgACC. As part of the vmPFC, the sgACC is thought to be a putative homolog of the rat infralimbic cortex (IL). The IL mediates recall of fear extinction by suppressing amygdala-based fear responses through activation of inhibitory intercalated neurons in the amygdala (Milad and Quirk, 2012) . In humans, the vmPFC is normally recruited during fear extinction (Milad and Quirk, 2012; Phelps et al, 2004) , whereas such recruitment is impaired in adult PTSD (Milad et al, 2009) . A recent study from our group revealed that childhood maltreatment experiences are associated with lower functional connectivity between the sgACC and the amygdala and hippocampus. This weaker connectivity, in turn, mediated the development of adolescent-internalizing symptoms (Herringa et al, 2013) . The current findings are consistent with these prior studies and suggest that lower sgACC volume is tied to greater re-experiencing symptoms, likely due to deficits in the ability to extinguish fear memories. Interestingly, there were no overall group or age-related differences in sgACC volume. This suggests that sgACC volume may not be a premorbid characteristic of pediatric PTSD, but that individual differences in sgACC GMV influence the expression of PTSD symptoms. As above, longitudinal imaging studies will be needed to explore these possibilities.
Our study also revealed age-related differences in hippocampus GMV in pediatric PTSD. Specifically, age positively predicted right anterior hippocampus GMV in healthy youth, but negatively predicted GMV in PTSD youth. One of the perplexing findings in prior studies of pediatric PTSD has been the lack of difference in hippocampal GMV in pediatric PTSD vs healthy youth, even though smaller hippocampal GMV has been repeatedly observed in adult PTSD (Pitman et al, 2012; Woon and Hedges, 2008) . The current findings, although crosssectional, suggest an ongoing toxic process over development, whereby reduced hippocampal volume may not become fully apparent until adulthood. The mechanisms underlying abnormal hippocampal development are not entirely clear but may involve an interaction between childhood trauma exposure and genetic susceptibility. For example, childhood abuse exposure interacts with genetic polymorphisms of FKBP5, a glucocorticoid receptor regulatory protein, to differentially alter its methylation and lead to glucocorticoid receptor resistance (Klengel et al, 2013) . Notably, FKBP5 methylation was also associated with volume of the right anterior hippocampus (Klengel et al, 2013) , similar to the hippocampal area in the current study.
In the voxel-wise analysis of PTSD symptom cluster severity, we found that right anterior hippocampus volume, in addition to the sgACC, was inversely correlated with reexperiencing symptoms of PTSD. The hippocampus is capable of contextually gating fear responses via connections to both the amygdala and vmPFC (Maren et al, 2013) . Along with the vmPFC, the hippocampus is recruited during the recall of fear extinction, for example (Kalisch et al, 2006; Milad et al, 2007) , but shows impaired recruitment in adult PTSD (Milad et al, 2009) . We have previously shown that childhood maltreatment experiences are associated with weaker hippocampus-sgACC connectivity, which in turn mediates the development of adolescent-internalizing symptoms (Herringa et al, 2013) . The current findings suggest that this pathway may also have a role in the expression of symptoms in pediatric PTSD, presumably by impairing the contextual gating of fear memory. Further study will be needed to examine both the behavioral correlates of contextual fear regulation, as well as functional brain changes in this pathway in pediatric PTSD.
It is noteworthy that sgACC and hippocampal volumes were not related to total PTSD severity, but were associated with symptom clusters of PTSD. Our primary brain analyses point to re-experiencing symptoms being most directly tied to GMV in these areas, although post hoc analyses also suggest potential relationships with other symptom clusters. Here, sgACC and hippocampal volume were positively associated with avoidance symptoms, and marginally but differentially associated with hyperarousal symptoms. These findings suggest that the underlying neural substrates are unlikely to map on to the entire PTSD syndrome but may relate to specific symptom types, perhaps even in opposing ways within some neural circuits. Related to this, depressive symptoms could also be a contributing factor to vmPFC and hippocampal abnormalities in our sample, given the high rate of comorbid depression and previous work demonstrating reduced vmPFC and hippocampal GMV in major depressive disorder, for example (Kempton et al, 2011) . Although our secondary analyses suggest that depressive symptoms do not directly relate to vmPFC and hippocampal abnormalities in our sample, future studies including a trauma-exposed group with depression (but no PTSD) would be warranted to explore common and differential neural pathways to these illnesses following trauma exposure.
The current study has revealed novel findings of reduced GMV and age-related differences in fear regulatory regions in pediatric PTSD. However, this study is not without limitations. First, the group comparisons are correlational by nature. Although we attempted to appropriately match subjects at the group level and covary for potentially confounding variables in secondary analyses, there could be other unidentified variables that differ between the groups and account for structural brain differences. Second, the current analyses are based on cross-sectional data, highlighting the need for future, longitudinal studies in both PTSD and healthy youth to supplement these findings and characterize brain developmental trajectories. Third, this is a moderate sample size, and our findings would merit replication in a larger sample of youth. Finally, our study did not contain a trauma-exposed, healthy comparison group. Although we attempted to explore the contribution of trauma exposure vs PTSD measures to brain findings in our secondary analyses, there could be other trauma-related measures that contribute to the current brain findings. Inclusion of healthy trauma-exposed youth in future work will be important for teasing apart these variables and exploring adaptive brain changes following trauma.
In summary, to our knowledge, this is the first report of morphological brain changes including age-related differences in pediatric PTSD using higher-resolution MRI and high-dimensional normalization along with VBM. Our findings suggest alterations in fear regulatory circuitry in pediatric PTSD including the vmPFC and hippocampus, and their link to re-experiencing symptoms of PTSD and illness duration. The negative relationship between age and hippocampal volume in pediatric PTSD may suggest an ongoing neurotoxic process over development. On the other hand, the lack of age-related differences in the vmPFC compared with healthy youth suggests that vmPFC volume may represent a premorbid or acquired trait that in turn influences illness course and symptom expression. Future studies employing longitudinal designs should aim to delineate brain developmental trajectories following pediatric trauma and PTSD, and determine whether successful treatments may normalize vmPFC and hippocampal abnormalities. 
FUNDING AND DISCLOSURE
